Colonial aggregation among nonheterocystous ifiaments of the planktonic marine cyanobacterium Trichodesmium is known to enhance N2 fixation, mediated by the 02-sensitive enzyme complex nitrogenase. Expression of nitrogenase appears linked to the formation of 02-depleted microzones within aggregated bacteriumassociated colonies. While this implies a mechanism by which nonheterocystous N2 fixation can take place in an oxygenated water column, both the location and regulation of the N2-fixing apparatus remain unknown. We used an antinitrogenase polyclonal antibody together with postsection immunocolloidal gold staining and transmission electron microscopy to show that (i) virtually all Trichodesmium cells within a colony possessed nitrogenase, (il) nitrogenase showed no clear intracellular localization, and (iii) certain associated bacteria contained nitrogenase. Our findings emphasize the critical role coloniality plays in regulating nitrogenase expression in nature. We interpret the potential for a large share of Trichodesmium cells to fix N2 as an opportunistic response to the dynamic nature of the sea state; during quiescent conditions, aggregation and consequent expression of nitrogenase can proceed rapidly.
Colonial aggregation among nonheterocystous ifiaments of the planktonic marine cyanobacterium Trichodesmium is known to enhance N2 fixation, mediated by the 02-sensitive enzyme complex nitrogenase. Expression of nitrogenase appears linked to the formation of 02-depleted microzones within aggregated bacteriumassociated colonies. While this implies a mechanism by which nonheterocystous N2 fixation can take place in an oxygenated water column, both the location and regulation of the N2-fixing apparatus remain unknown. We used an antinitrogenase polyclonal antibody together with postsection immunocolloidal gold staining and transmission electron microscopy to show that (i) virtually all Trichodesmium cells within a colony possessed nitrogenase, (il) nitrogenase showed no clear intracellular localization, and (iii) certain associated bacteria contained nitrogenase. Our findings emphasize the critical role coloniality plays in regulating nitrogenase expression in nature. We interpret the potential for a large share of Trichodesmium cells to fix N2 as an opportunistic response to the dynamic nature of the sea state; during quiescent conditions, aggregation and consequent expression of nitrogenase can proceed rapidly.
The ubiquitous and ecologically significant marine cyanobacterial genus Oscillatoria (Trichodesmium) supports relatively high rates of light-mediated N2 fixation in the absence of morphologically differentiated cells termed heterocysts (5, 6, 11) . The physiological means by which oxygen-sensitive N2 fixation occurs contemporaneously with oxygenic photosynthesis in this filamentous genus remains elusive (19, 20) . However, field (in situ) and short-term (<1-day) laboratory studies on freshly collected populations have pointed to the importance of a colonial existence, as either fusiform tufts or spherical puffs of aggregated filaments, for N2 fixation to proceed and be optimized (3, 7, 18) . Despite a recent report on the successful isolation and culture of a marine Oscillatoria strain which apparently can fix N2 as single filaments under oxic conditions (16) , naturally occurring photosynthetically active populations consistently reveal either a complete lack or severe inhibition of N2 fixation when aggregates are disrupted (with oxygenic photosynthesis remaining uninhibited) (3, 7, 18) . After extensive examinations of natural populations, Carpenter and McCarthy (6) and, later, Carpenter and Price (7) suggested that aggregation of filaments allowed for compartmentalization of 02-evolving photosynthesis and O2-inhibited N2 fixation. Indeed, autoradiographic examinations of photosynthetic '4CO2 incorporation reveal this process to be largely confined to terminal regions of filaments (7) ; hence, internal regions of aggregated filaments could be a likely place for N2 fixation to occur. Subsequent studies, utilizing the reduction of a low-redoxpotential tetrazolium salt, 2,3,5-triphenyl-3-tetrazolium chloride, strongly hinted of highly reduced conditions in internal regions of photosynthetically active aggregates (3, 18 (10) , and Haxo et al. (12) . Electron-dense, spherical CG particles are distributed throughout both nucleoplasmic and gas vacuolate regions, but are difficult to discern at this magnification owing to their small size (10-nm diameter). (B) High-magnification cross-sectional view revealing CG particles (arrows) dispersed throughout nucleoplasmic (N) regions, vacuoles (V), and gas vacuole (GV) regions. Intracellular CG labeling did not appear confined to specific ultrastructural components. However, note that the outer cell wall (OCW) and associated membrane revealed relatively little CG labeling. (C) Longitudinal section. In support of cross-sectional views, the longitudinal section exhibited CG deposition throughout both nucleoplasmic (N) and gas vacuole (GV) regions. In this view, photosynthetic lamellae (P) are evident; generally, little CG was associated with these structures. (D) High magnification longitudinal view of CG deposition (arrows). Note general absence of CG labeling in either the photosynthetic lamellar or outer cell.
by the acetylene reduction assay (5, 17) . Relatively high cellular acetylene reduction rates were observed under illuminated conditions in both instances (17; D. G. Capone, unpublished data), indicating the presence of nitrogenase associated with aggregates. Nitrogen-fixing aggregates were gently collected from near the sea surface (0 to 2 m) with a 200-,um mesh plankton net and immediately fixed in 2% (vol/vol) glutaraldehyde for 20 min, washed with phosphate-buffered saline (pH 7.8), and transferred to fresh phosphate-buffered saline for refrigerated (4°C) storage until analysis.
Immunochemical studies. Upon return to the laboratory (within 3 weeks), 5 to 15 aggregated filaments were washed in 0.1 M phosphate-buffered saline at pH 7.2, transferred to BEEM capsule chamber pipettes (8) , postfixed for 1 h in aqueous OSO4, and dehydrated. The dehydrated filaments were then embedded (with care given to orientation of the filaments) and thin sectioned (2 (Fig. 1 ) and the Caribbean Sea (Fig. 2) (Fig. 3) . The specificity of the primary antibody is shown in the Western blots (Fig. 4) Deposition is closely associated with cylindrical, fully inflated gas vacuoles (GV) and spherical vacuoles (SV). We observed additional, although less dense, CG deposition associated with convoluted lamellae (L), while electron-transparent vacuolated (V) regions appeared free of CG particles. (B) High-magnification region of panel A. CG deposition patterns in both gas vacuoles and spherical vacuoles were readily seen at this magnification. markers stained after electrophoresis. This finding confirms Bio-Rad's precautions (provided with the Mini-PROTEAN II unit) regarding rigorous interpretations of molecular masses solely based on prestained markers. Our crosscalibration of pre-and poststained protein standards reveals a sizable discrepancy (Fig. 4) . When calibrated against poststained markers, the Fe protein-specific band appears at approximately 35 kDa. It is known that the dimeric dinitrogenase reductase dissociates in the presence of sodium dodecyl sulfate before electrophoresis, resulting in a monomeric form with a reported molecular mass of ca. 30 to 40 kDa (4, 9). Our results fall within this range.
Additional verifications of antibody specificity have been conducted on Western blots of electrophoresed extracts from other well-documented diazotrophs, including Azotobacter, Klebsiella, Vibrio, and Anabaena (Currin et al., in press). When probed with either Rr-2 or universal antinitrogenase antibodies, a single band appeared at approximately 30 to 40 kDa (Currin et al., in press). This band was absent when the same microorganisms were grown on combined nitrogen (nitrogenase activity repressed). In concert, current and previous results consistently showed antibodies to be highly specific for nitrogenase among diverse N2-fixing genera.
Stab cultures consistently showed the presence of N2-fixing bacteria, confirmed by positive acetylene reduction assays and serial transfers into N-free mannitol agar tubes which yielded heavy growth. Characteristically, noticeable bacterial growth occurred within 2 to 3 days as white bands or plates situated 0.5 to 1 cm below the agar surface. Oxygen microelectrode profiles revealed that plates represented the oxic-anoxic interface of tubes (Paerl et al., in press ). This indicated that N2-fixing bacterial isolates required microaerophilic or anaerobic conditions or both for expression of nitrogenase.
It was suggested previously that spatial segregation of N2 fixation and 02-evolving photosynthesis exists within Trichodesmium aggregates (3, 7, 18) and that regions of low oxygen tension within the aggregate may allow N2 fixation to be localized in cells within the aggregate (i.e., not exposed to the bulk medium) (17) . Our present findings lead us to conclude that nitrogenase is present throughout all cells of the aggregate, but that catalytic expression of the nitrogenase is closely regulated by microscale features such as biotically induced low 02 tension within the aggregate (17) .
Several types of eubacteria were associated with aggregates of the Caribbean Sea Trichodesmium. Some of these bacteria contained CG, indicating that certain associated bacteria have the potential to fix N2. By using microaerophilic stab culturing techniques, we were able to isolate N2-fixing heterotrophic bacteria associated with Caribbean Trichodesmium aggregates, confirming the previous observation of Maruyama et al. (15) . While we note the presence of such bacteria, they account for <1% of total CG deposition among Trichodesmium cells. Furthermore, microaerophilic conditions were apparently required for active N2 fixation to take place among these bacteria. Such requirements greatly restrict N2 fixation potentials among bacteria associated with the periphery of Trichodesmium aggregates, a region known to be well oxygenated during daytime photosynthetic periods (17) . Hence, bacterial contributions to aggregate N2 fixation are likely to be small. However, these heterotrophic bacteria provide respiratory 02 consumption which may promote the development and maintenance of low 02 microzones within aggregates (17) . In Fig. 1 through 3 
